Recent theoretical and experimental results suggested that the silver superlens could be constructed through controlling silver thin film thickness and preparation conditions, and applied in subdiffraction-limited optical imaging and optical lithography. In this work, we report another significant application of silver superlens-ultrahigh density optical data storage. With the silver superlens the subdiffraction-limited pit arrays on an optical disk are dynamically read out and the carrier-to-noise ratio can reach 25 dB for the thin film thickness of 46 nm. The readout laser power and readout velocity have little effect on the carrier-to-noise ratio. Additionally, in our experiment the silver thin film thickness needs to be controlled in the range from 20 to 80 nm.
In 1968, Veselago 1 first gave an analysis that materials with a negative refractive index could focus a nearby electromagnetic source into an image. However, further research was almost terminated since the materials did not occur naturally. Fortunately, in 2000, Pendry 2 theoretically pointed out that the negative refraction could make a perfect lens and focus all Fourier components of a two-dimensional ͑2D͒ image, even those that do not propagate in a radiative manner. He also estimated that the lens could be made of silver slab with a negative dielectric function, which is named as silver superlens. Subsequently, a series of papers occurred to debate the possibility of the perfect lens. [3] [4] [5] [6] Recently, this debate has gradually faded away due to some significantly experimental results at microwave frequencies. Houck, Brock, and Chuang 7 demonstrated that the collimated microwave beams transmitted through the metamaterials with a negative refractive index obey Snell's law and a flat rectangular slab made of this metamaterial could focus power from a point source. Parimi et al. 8 reported the imaging by the flat lens. Using the silver superlens, Zhao et al. 9, 10 found that the evanescent waves could regenerate and rapidly grow, Fang et al. 11, 12 demonstrated subdiffraction-limited imaging with 60 nm half-pitch resolution, Melville, Blaikie, and Wolf [13] [14] [15] reported submicron and subdiffraction-limited optical lithography with full-pitch feature sizes as small as 145 nm, which indicates that at optical frequencies the silver superlens has good applications. According to the above experimental and theoretical results, we think that the silver superlens may be very useful for the ultrahigh density optical data storage due to the subdiffraction-limited resolving power. For ultrahigh density optical data storage devices, the size of information bits is required to be smaller than the optical diffraction limit. In order to reduce this size, Beztig and Trautman 16 used a scanning near-field optical microscopy and obtained very small recording marks. Tominaga, Nakano, and Atoda 17 proposed a super-resolution near-field structure and realized the recording and readout of belowdiffraction-limited marks. Liu et al. 18 gave a localized surface plasmon mechanism to explain the scattering-type super-resolution near-field structure. We also used the Sb thin film as the mask layer and successfully realized the recording and readout of subdiffraction-limited marks. [19] [20] [21] In the ultrahigh density optical data storage, one of the critical points is the dynamic readout of pit ͑or mark͒ arrays because the size is much smaller than the readout spot. In this letter, we will use the silver superlens to realize the dynamic readout of subdiffraction-limited pit arrays premastered on the optical disk substrate, which might be another very useful and valuable pathway for ultrahigh density optical data storage. At the same time, the experimental results could be a very good support for the idea of Ref.
2. The pit arrays premasted on the optical disk with a diameter of 120 mm and a thickness of 1.2 mm are shown in Fig. 1 . The refractive index of this substrate is approximate to 1.52 at visible frequencies, and the pit depth and diameter ͑space͒ are 50 and 380 nm, respectively. It can be seen from the inset in Fig. 1 that the surface shape of pit arrays has a sinusoidal distribution. The silver thin films are directly deposited on the optical disks by sputtering method, and the thickness is controlled in the range from 10 to 100 nm. The shape of silver thin films is modulated into a sinusoidal distribution due to the pit arrays, which provide the surface a͒ Author to whom correspondence should be addressed; electronic mail: weijingsong@siom.ac.cn roughness. So, based on the theories and experiments in Refs. 9-12 a silver superlens can be constructed, and excite a plethora of surface plasmon waves. Figure 2 shows the schematic of dynamic testing setup for optical disk, where the laser wavelength and the numerical aperture ͑NA͒ of focusing objective lens is 780 nm and 0.45, respectively. The diameter of optical spot focused on the optical disk can be calculated by D = 1.22 / NA and is 2.115 m, which is much larger than the diameter ͑Ϸ380 nm͒ of pits. The dynamic readout resolution limit of this setup can be approximately calculated by D / 4 and is about 530 nm, so the pits on the optical disk are smaller than the limit, and cannot be dynamically read out by a conventional reflective layer, as was demonstrated in Ref. 22 . However, by controlling the thickness and preparation condition of silver thin films, the pit arrays can be read out by this setup. Here it should be noted that in our experiment the readout laser beam first passes through the optical disk substrate, then is focused on the silver thin film. Figure 3 gives the spectral signal of dynamic readout at the silver thin film thickness of 40 nm. It can be seen that the carrier-to-noise ratio ͑CNR͒ is about 20 dB, which demonstrates that the modulated silver thin film acts as a silver superlens. In the course of readout, first a portion of incident beam is converted from propagating waves to evanescent waves by the sinusoidal surface roughness. Subsequently, the evanescent waves excite the surface plasmon at the interface of airsilver. The surface plasmon wave vector k sp in the red part of the visible spectrum is found to be k sp Х 1.03k 0 , where k 0 is the incident wave vector. 23 Finally, the surface plasmon waves are scattered and converted back to propagating waves by the silver thin film. The evanescent waves and surface plasmon waves contain much finer information, and the resolving power is much higher than that of the incident waves, so the subdiffraction-limited pit arrays on the optical disk are dynamically read out.
In order to further demonstrate the silver superlens effect and improve the CNR, the dependence of CNR on the silver thin film thickness is studied, and the results are shown in Fig. 4 . It can be seen that the CNR rapidly increases with the thin film thickness ranging from 20 to 46 nm, and after this decreases as the loss of evanescent waves becomes significant, i.e., the enhancement and growth of evanescent waves only occur when the thickness ranges from 20 to 80 nm, which is consistent with the data reported in Refs. 9 and 10. The dependences of CNR on the readout laser power and readout velocity are shown in Figs. 5 and 6, respectively. It can be found that the two factors have almost no influence on the CNR, which differs from the characters of superresolution near-field structure optical disks. 17 In conclusion, the subdiffraction-limited pit arrays on optical disks are dynamically read out using the silver superlens, which is another significant pathway to realize the ultrahigh density optical data storage. The optimal silver thin film thickness is 46 nm, and the corresponding CNR is about 25 dB. The readout laser power and readout velocity have little influence on the dynamic readout signal. The above experimental results also support the ideas in Ref. 2. In addition, the further work will be done in order to improve the CNR and realize the dynamic readout for much smaller pit arrays, and the more detailed readout mechanism and physical cause needs to be further explored later. 
